We have isolated genomic clones that contained the gene for human GTP cyclohydrolase I. One clone containing the 5'-regulatory region of this gene was further analysed. It encompassed the first exon, parts of the first intron and about 2.6kb of the promoter region. The transcription start site was localised by rapid amplification of cDNA ends (5'-RACE). The 2.6 kb region upstream of the transcription start site showed promoter activity when ligated upstream of a reporter gene. 5'-truncations of the promoter region increased its activity as long as the CAAT and TATA boxes remained unchanged. Several putative Spl responsive elements were located within a GC-rich region close to the transcription start site.
Introduction
GTP cyclohydrolase I (EC 3.5.4.16) plays a key role in the biosynthesis of tetrahydrobiopterin (BH.). It catalyzes the conversion from GTP to dihydroneopterin triphosphate. This reaction is the first and rate limiting step in the biosynthesis of BH4 (for reviews see (I , 2)). The subsequent action of § Author to whom correspondence should be addressed. E-MAIL adress:guetlich@haema103.gsf.de Abbreviations : RACE, rapid amplification of cDNA ends; BH4, (6R) 5,6,7,8-tetrahydrobiopterin; biopterin, 6 -(L-erythro-1 ', 2'-dihydroxypropy1) pterin, GTP-CH, GTP cyciohydrolase I; PCR, polymerase chain reaction; RT-PCR, reverse transcription-PCR; bp, base paii-(s); kb, ki1o-bp; IFN-y, interferon-y Pteridines I Vol. 6 I No. 3 6-pyruvoyl-tetrahydropterin synthase and sepiapterin reductase yields the final product BH4 which serves as an electron donor for the hydroxylation of the aromatic amino acids phenylalanine, tryptophan and tyrosine (for review see (3)). Recently it has been shown that BH4 is also involved in the generation of nitric oxide from arginine (4, 5). It is also synthesized in cells which do not utilize BH. as a cofactor. In these instances it modulates the proliferation rate in erythroid cells (6, 7) and in primed T -cells (8) by affecting various aspects of signal transduction (9).
Reflecting the multiple functions of BH4, its biosynthesis is regulated in a tissue-specific manner. This is primarily achieved through the control of GTP-CH activity. GTP-CH is active in all tissues capable of phenylalanine degradation or neurotransmitter biosynthesis (10). In T-cells (8), macrophages (11) and fibroblasts (12) GTP-CH activity is triggered by interferon-'( whereas in murine bone marrow deriwd mast cells it is induced by the ·kit-ligand (13). This cY1okine-mediated up-regulation of GTP-CH activity is not due to the expression of isoforms (14), but is satisfactorily explained by an increased level of the specific mRNA (15). GTP-CH cDNAs have been sequenced from various species, including mammals (16) (17) (18) (19) and, recently, from yeast (K. W. EMBL# Z4720l). The genomic sequence of the regulatory elements of any mammalian GTP-CH gene is still unknown. In this study, \lie describe the molecular cloning and the func-,ional analysis of the 5'-regulatory elements of the 1 uman gene.
'laterials and Methods
The genomic library was screened using a 555 bp cDNA fragment generated by RT-PCR with the primers 5'-GCAGCGAGGAGGATAACGAG-3' and 5'AACTCTTCCCGAGTCTTNGG-3' (18) . The pLucy2.6 pLucy2.MHind pLucy2.MAvr screening was carried out with the non-radioactive ECL-System (Amersham). Rehybridization was performed with the oligonucleotide 5'-CTTCGA-GGTCTGCGGCTAAAC-3'. DNA from a positive clone was digested with Pst I and sub cloned into Bluescript KS+ (Stratagene). The 5'-RACE System (Gibco BRL) was applied according to the manufacturer's instructions. Total RNA (1 ~g) from interferon-y stimulated THP cells was reversely transcribed using the gene specific primer 5'-GAGCT-CAGGATGGACGAGTAGG-3'. The PCR steps of the RACE procedure were performed with two nested primers 5'-AGGTTAGGGAG-GTTCAGCTCG -3' and 5'-GAACCCATTGCTGCACCTGG-3'. The PCR product of about 300 bp was purified (Magic Prep, Promega) and directly sequenced. DNA sequencing was performed by the non radioactive method using the 373A system (ABI) and a thermocycler (Modell 9600, Perkin Elmer) as described (20) . Cultivation of cell lines (15) and reporter gene assays (21) Pteridines / Vol. 6 / No. 3 pulser system (Biorad).
Results and Discussion
In order to clone the gene of the human GTP-CH, a chromosomal library was screened with a cDNA probe that encompassed 74% of the open reading frame. Nine clones were isolated and rehybridized with an oligonucleotide that matched the gene within the 5' untranslated cDNA region (17). One out of four clones that hybridized with this oligonucleotide was further analyzed. It contained an insert of about 16 kb wich was further subcloned. Sequence analysis of DNA extracted from one of these subcloncs showed a 3360 bp fragment (EMBL database L29478) containing about 2.6 kb of the 5' region of the human GTP cyclohydrolase I gene, 176 bp of the 5' untranslated cDNA region, 341 bp of the open reading frame and a part of the subsquent intron (Fig. I ). This clone was named pB-SCH2.6 and was used for the studies on the promoter activity. In order to define the transcription start site we used the 5'-RACE technique together with mRNA isolated from interferon-y stimulated human monocytic cells (THPI). Direct sequencing of the PCR product, obtained by these experiments, localised the transcription start site to 68 bp and 27bp downstream of the consensus sequences for the CAAT and TATA boxes respectively. The total lengh of the single human GTP-CH mRNA was shown to be 3.6 kb (18) . Our present data indicate that 176 bp of the 5'-untranslated region and the 314 bp originate from the first exon leaving about 3 kb for the remaining 5 exons mentioned by Ichinose (22) and the 3'-untranslated region. In retrospect to the genomic structure of the GTP-CH gene an interesting aspect is the comparison of the exon-intron transitions from the human and Drosophila melanogaster genomic sequences (23) of GTP-CH I. According to the deduced protein sequences the first exon-intron transition of the human gene resembles the second in Drosophila. This homology shows the high degree of conservation of this gene, even over a long evolutionary distance.
In order to define the functional role of the DNA region upstream of the structural GTP-CH gene, the 2.6 kb PstI/NcoI fragment containing all putative regulatory elements was cloned into the plasmid pLucy upstream of a luciferase reporter gene. Three shorter constructs of pLucy2.6, named pLucyHind, pLucyLlAvr and pLucy~Esp were obtained by digestion with the appropriate enzyme (HindIlI, AvrIl and EspI, respectivly) and XhoI. The resulting protruding ends were filled in with Klenow polyPteridines / Vol. 6 / No.3 me rase and religated. These deletions resulted in constructs containing 452, 209 or 42 bp upstream region of the transcription start site. Removing of 2187 bp or 2419 bp from the 5' end of the promotor region enhanced the activity of the luciferase reporter gene up to 4 fold ( Fig. 1) compared to the activity of the full lengh reporter construct in transfected B-cells (Raji). The most active reporter construct pLucyLlAvr contained the CAAT and TATA boxes and several potential binding sites for the transcription regulatory factor Spl within a GC-rich region close to the transcription start site.
These data indicate that the 200 bp region upstream of the transcription start of the human GTP cyclohydrolase I gene does act as a promoter. The occurrence of multiple GC boxes has been shown to promote transcription of several housekeeping genes (i. e. phenylalanin hydroxylase (24) , dihydrofolate reductase (25) , adenosine deaminase (26), hypoxanthine phosphoribosyltransferase (27) and hydroxymethy1g1utaryl coenzym A reductase (28)) as well as nonhousekeeping genes (i. e. transforming growth factor a (29), nerve growth factor receptor (30) , epidermal growth factor receptor (31) and human c-Ha-ras (32) ). The increase in luciferase activity upon removal of the far 5' promoter region suggested the existence of a silencer binding region. The down regulation of the 1uciferase activity in B-cells with the complete reporter constuct may be B-cell specific and is in line with the very low activity of endogenious GTP cyclohydro1ase I in Raji-cells (data not shown).
To decide wether the cytokine response of GTP-CH is mediated by repression of silencer sequences, further studies are clearly needed to define the molecular events during the regulation of the GTP cyclohydrolase I gene. The identification of the active promoter region and the 5' upstream flanking sequences of the GTP-CH I gene should provide a basis to further the understanding of the regulation of the GTP cyclohydrolase I gene expression and the regulation of tetrahydrobiopterin biosynthesis.
